Abstract-Reactive power compensation in the electrical utility system employs static VAR compensators (SVCs) and static compensators (STATCOMs). However, these solutions are based upon large banks of capacitors, a component known to have reliability problems. Over decades of service life, these capacitors must be continuously monitored and periodically replaced -adding maintenance and operational costs. This paper proposes a VAR compensator based on a 3/3 matrix converter that uses inductors instead, which are maintenancefree, rugged, and do not suffer from the same wear-out mechanisms that limit the service life of capacitors. The proposed compensator is seen as a better solution to reactive power compensation in view of its higher reliability and longterm levelized cost benefits.
INTRODUCTION
Reactive power is known to be the root cause of several problems associated with the power system network. It is attributed to the reactive nature of the power system loads as well as the transmission lines. Reactive power flow leads to increase in transmission losses, decrease in system efficiency and the potential for voltage instability if it is not suitably supported. It has a deteriorating effect on voltage control and stability of the power system network. It also limits the maximum real power transfer capability of the transmission lines. Thus, in view of resolving the mentioned reliability issues and economic concerns, reactive power must be provided at appropriate points in the system, leading to the concept of reactive power (VAR) compensation or reactive power support [1] .
Reactive power compensation can be performed at the transmission line (transmission compensation) and/or near the loads (load compensation). Transmission compensation is used by the utility to help maintain the specified voltage at different buses in the system and involves injecting variable amounts of reactive power into the transmission line. As a result, the steady-state, dynamic and transient stabilities of the system are improved along with maximum power transfer capability of the system. This methodology relies upon large, dispatchable units under complete control of the utility but does not address the source of the reactive power -inductive loads. Load compensators, on the other hand, are used with the aim of power factor correction of the loads to prevent the reactive power from flowing into the system; they locally provide the reactive power required by the loads. The effective system load -the original intended load together with the compensator, can be made to appear as a unity power factor (resistive) load, thus minimizing the rms current passing through the system. In either case, transmission line losses are decreased and lesser current carrying capacity of lines is required. Further, as reactive power is not being transmitted from the generation points, voltage instability (caused by variation in the reactive power demands of the loads) is simplified and the maximum real power transfer capability of the system is increased.
Compensators are classified as passive or active based on their controllability. Passive compensators, consisting of fixed capacitors or reactors provide fixed reactive power (for a given bus voltage) and have limited use in modern power systems. Active compensators can provide continuous reactive power control and constitute the required solutions. Several active solutions have been used and are summarized in [2] [3] [4] . The two major designs being currently used are the static VAR compensator (SVC) and the static compensator (STATCOM). The SVC consists of controlled capacitors and reactors that can be switched into the circuit to adjust the compensation in discrete steps. Alternatively, phase-controlled thyristors can be used which allow continuous adjustment of the reactive power compensation. The phase controlled SVC, however, generates undesirable low-frequency harmonics which can be challenging to filter. The STATCOM typically uses a PWM-based switching converter that provides continuous control of the reactive power flow from the capacitor bank to the utility bus. Both these solutions are dependent on capacitors and thus, have inherent reliability limitations.
Capacitors are known for being unreliable components and have been cited as the major cause for failure of power electronic equipment [5, 6] . Capacitor failures have been attributed to manufacturing defects, voltage surges and dielectric and electrolyte wear-out. Failure analysis and prediction methods have been proposed [7] [8] [9] in order to detect and identify failing capacitors. Since these techniques require the capacitors to be frequently monitored and periodically replaced, the end result is increased cost of ownership. Recent advances in capacitor technology have resulted in increased service life, but, the underlying failure mechanisms still exist.
In this paper, a reactive power (VAR) compensator that does not employ capacitors is presented. The topology uses inductors which are rugged components and do not have service life-limiting failure mechanisms like the capacitors. The inductors are shunt-connected via a 3/3 matrix converter. The converter is controlled to inject reactive power to achieve the required compensation. The modulation technique, proposed by Venturini [10] , has the unique property of current phase reversal, thus making the inductor appear to behave like a capacitor. Further, the inductance value required is found to be inversely proportional to the reactive power capacity of the compensator, thus making the proposed compensator a viable solution.
The concept of current phase reversal was first introduced in Gyugyi's thyristor-based force-commutated cycloconverters (FCCs) [11] . The use of FCCs as static VAR compensators is discussed in the paper. Current phase reversal is employed to achieve compensation from both input and output terminals of the FCCs -a concept known as "power doubling". An implementation of such a compensator can be found in [12] . However, transistor-based matrix converters are considered superior to FCCs due to the larger number of bi-directional switches required by FCCs and the relatively difficult control of thyristors as compared to transistor switches. Previous work on matrix converters discusses their use as variable ac power supplies. In this regard, several modulation techniques that provide input power factor control of the matrix converters have been proposed [13] [14] [15] [16] . But, the use of input power factor control for reactive power compensation has not been explored extensively. While Venturini's modulation technique has been used as the basis for this paper, other techniques may be employed as well.
II. SYSTEM DESCRIPTION A schematic of the utility power system (power grid) along with a typical load and the proposed VAR compensator is shown in Fig. 1 . The power system is assumed to provide balanced and purely sinusoidal voltages v 1,LN , v 2,LN and v 3,LN . It is further assumed that the effect of the load on the system bus voltage is negligible. The power system, typically a ∆-configuration, is modeled here as a wye-configuration to facilitate understanding the phase relationship between phase currents and voltages. The load is modeled as balanced, seriesconnected R-L which exhibits lagging power factor and represents a majority of the loads in a power system. The load currents, given by i Load1 , i Load2 and i Load3 , lag the utility voltages as determined by the power factor.
The VAR compensator is placed in proximity to the lagging load. It consists of a 3/3 matrix converter (MC) and a balanced, star-connected inductor shown as L MC . A 3/3 MC is a three-phase ac-to-three-phase ac converter with the ability to change the magnitude, phase angle and frequency of the input voltage without any intermediate energy storage elements. In Fig. 1 , the input terminals of the MC are connected to the utility power system such that the input-side voltages of the MC, given by v i1,LN , v i2,LN and v i3,LN , are equal to the utility power system voltages. The modulation technique [10] is used to control the MC operation. Using this technique, the MC An important result of the modulation technique is the phase reversal of the currents of the MC wherein, the phase of the input-side currents is reversed with respect to the outputside currents. Therefore, while the currents i o1 , i o2 and i o3 lag their respective voltages by 90° each (inductive load), the currents i i1 , i i2 and i i3 lead the respective voltages by exactly 90°. Thus, the inductors L MC are made to appear as equivalent capacitors.
Through suitable modulation of the MC, the compensator can be made to draw leading currents of the same magnitude as the load currents i Load1 , i Load2 and i Load3 , thereby achieving reactive power compensation. In effect, the load together with the compensator draws unity power factor currents i 1 , i 2 and i 3 from the utility power system. The detailed mathematical treatment of the entire system is presented in the next section. In practice, the MC would be connected to the power grid through filters to eliminate high-frequency switching harmonics; these filters have not been included in this study to provide a better understanding of the fundamental operation of the proposed system.
III. MATHEMATICAL MODELING OF THE MATRIX
CONVERTER In a 3/3 MC, the line-to-neutral output-side voltages are related to the three line-to-neutral input-side voltages through the modulation matrix H as shown in (1) . In the modulation technique introduced by Venturini [10] , H is a symmetric matrix constituted by three basic functions H 1 , H 2 and H 3 (2) .
Since there are no energy storage elements in the MC and assuming that there is no power loss in the MC, the instantaneous three-phase powers are equal on the input and output sides. Consequently, the relationships between the input and output currents of the MC are To assert the desired property of power factor reversal between the input and output sides of the MC, the modulation functions given by (4)-(6) are used [10] . Further, while magnitudes of the voltages and currents are altered, frequency remains unchanged across the MC. The modulation index 'q' can be varied from 0 to 0.5 to control the magnitude relationships between the input-side and output-side parameters. The frequency of the modulation functions is obtained as the sum of the input-side and output-side frequencies of the MC, resulting in the term '2ω'.
The coefficient '1/3' is used to allow equal contribution of the three modulation functions to the operation of the MC. The coefficient '2' is used to ensure that the output phases are never left unconnected even when one of the modulation functions becomes zero. The 'unity' term asserts the same property when the required output voltages are zero and consequently, 'q' is made to be zero. The significance of these terms is better seen with the perspective of the switching functions that are discussed in the next section.
The power grid line-to-neutral voltages, which are equal to the input-side MC line-to-neutral voltages, are given by
where V LN,rms is the line-to-neutral rms voltage and ω is the angular frequency of the power grid.
Substituting (7)- (9) into (1), the output-side line-neutral voltages are obtained as
These voltages impressed across the inductors L MC result in the output currents given by (13)- (15) . As expected, the currents lag their corresponding line-to-neutral voltages by an angle of 90°.
Substituting the above equations into (3), the MC input currents are given by (16)-(18). It is observed that the modulation matrix results in a reversal of the phase angles of the current as indicated by the sign change in the 2 π term.
Since the input and output voltages are exactly in phase, the MC input currents indeed lead their corresponding voltages by 90°, thereby resulting in a power factor reversal from the output to input sides of the MC. Thus, the MC draws leading reactive power from the power grid given by
The value of the inductance L MC can be found by considering the maximum compensation required. Since inductance is inversely proportional to the desired reactive power, the inductance needed decreases, which enables the component designer to trade-off the number of turns for wire gauge and core size. Thus, for a fixed value L MC , the modulation index 'q' is varied to smoothly control the reactive power compensation.
IV. REALIZATION OF THE SWITCHING FUNCTIONS
The switch layout of the 3/3 MC is shown in Fig. 2 . Each output phase is connected to every input phase by a unique, bidirectional switch. Thus, there is a total of nine switches in the MC. Switching functions describe the on-off state of switches as a continuous function of time. To operate the MC switches, their switching functions need to be defined. The instantaneous voltages of the MC are then given by where the matrix element S xy represents the switching function governing the switch connecting the x th output phase and the y th input phase.
A parallel can be drawn between (1)- (2) and (20) and the modulation function associated with each switch and its switching function can be easily inferred. As there are three basic modulation functions, likewise, there are three corresponding switching functions. As the modulation functions give the duty cycle ratios of the corresponding switches at any time, the switching function can be derived as follows. To obtain the on-off times from the duty cycle values, a suitable switching period T disc needs to be defined. So, the time period of the modulation functions is divided into 'N' time intervals each of duration T disc given by
A discrete-time version of the modulation function is accordingly developed by applying a zero-order hold to the original modulation function as shown in Fig. 3 . Its value over each interval gives the duty ratio of the associated switch, from which the 'on' times of the switch can be obtained. The three modulation functions give rise to three 'on' time expressions given by (22)-(24). 
where
Within each k th interval, the switches governed by H 1 are turned on for time t 1 , followed by the switches governed by H 2 and H 3 which are turned on for times t 2 and t 3 , respectively, as shown in Fig. 4 . Based on this pattern, the on-off states of the switches can be obtained as a function of time, thus, completely defining the switching functions. The effective switching frequency is Fig. 3 implies that as the value of N is increased, the switching functions more accurately model the modulation functions.
V. SIMULATION RESULTS The system shown in Fig. 1 was simulated in MATLAB. The parameters used are listed in Table I . The line-to-line voltage (phase voltage) of the ∆-configured power grid is chosen as 480 V which results in the line-to-neutral voltage of 277.13 V for the wye-model in Fig. 1 .
The maximum required reactive power compensation is given by
The VAR rating of the compensator is chosen accordingly. The required L MC is calculated using (19). The chosen 'N' gives a reasonable switching frequency of 12 kHz. Using the chosen MC parameter values, the modulation index is recalculated using (19).
The line-to-neutral input-side voltages and the line-toneutral output-side voltage of one of the phases of the MC at the given modulation index are shown in Fig. 5 . It can be observed that the fundamental component of the output voltage is in phase with the corresponding input voltage and is stepped down in magnitude by a factor of 'q'.
The three output currents and the unfiltered input current of one of the phases of the MC are shown in Fig. 6 . It is seen that the output current i o1 and input current i i1 are exactly out of phase, showing that phase reversal has taken place due to the implemented modulation functions. As mentioned previously, line filters must be used between the MC and the power grid to eliminate the high switching frequency harmonics. They have been omitted in this study to obtain a better understanding of the MC operation and will not alter the basic operating principle of the compensator. Fig. 7 shows the fundamental components of input and output voltages and currents of one phase of the MC. It is seen that while the output-side current lags the corresponding voltage, the input current drawn by the MC leads the voltage The current drawn by the load and the total current drawn by the load and compensator from the power grid are displayed in Fig. 8 . It can be observed that the load draws lagging current at a power factor of 0.8. However, the total current drawn from the power grid by the VAR compensated load is exactly in phase with the corresponding power grid voltage. So, as expected, the reactive power needed by the load has been supplied by the VAR compensator and unity power factor currents are drawn from the power grid.
The variation of reactive power compensation with the modulation index 'q' for the given compensator parameters is given by Fig. 9 . As expected from (19), the VAR compensation increases with the square of the modulation index. Since there were no losses modeled in the converter, there is no real-power flow. Interestingly, Fig. 9 shows a small offset in the relationship between 'q' and the reactive power compensated. For example, for the case when 'q' is zero, the reactive power compensated is non-zero (90 VAR). This error is a result of the switching functions not exactly implementing the modulation functions, as shown in Fig. 3 . It was found that this error decreases with an increase in the value of 'N'. Alternative modulation schemes, that further minimize this error term, may be possible. While the focus of this paper is primarily load compensation, the proposed VAR compensator can be applied at the transmission level as well. Simulations have been likewise carried out for a compensator rated at a line-to-line voltage of 230 kV and compensation capacity of 300 MVAR. The performance of the compensator operating at a modulation index 'q' of 0.4330 and providing reactive compensation of 225 MVAR is depicted in Fig. 10 . The variation of the reactive power compensated with the modulation index is shown in Fig. 11 . As mentioned previously, the objectives of load and transmission compensation methods vary and they are controlled in different manners. However, the basic principle of reactive power flow control and the topology of the proposed compensator remain the same.
VI. CONCLUSION Reactive power compensation is crucial to the stability of the power system and for economic benefits. Current solutions that include SVCs and STATCOMs have the disadvantage of utilizing capacitors, which are extremely unreliable components. So, these compensators require heavy investment in constant monitoring and replacement of equipment to prevent failures in the system. Moreover, the phase controlled compensators generate undesirable line-frequency harmonics that deteriorate the power supply quality even more. A VAR compensator that eliminates the use of capacitors and is based on only inductors and a 3/3 matrix converter has been presented in this paper. Through analysis and simulations, it has been shown that by appropriately switching the converter, the inductors are made to behave like capacitors and help in achieving reactive power compensation. So, the proposed compensator is completely free from capacitor based reliability issues and associated maintenance expenses. Further, the modulation technique used employs switching frequencies much greater than the line frequency and using relatively small filters, the VAR compensator can be made almost free from all harmonics. Thus, as a harmonic-free solution with high reliability and a long lifetime, the proposed capacitor-less VAR compensator promises to be an attractive replacement for existing solutions. 
